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EXECUTIVE SUMMARY 

This project was an analytical and experimental study of the application 

of the Compound Parabolic Concentrator (CPC) and the Dielectric Compound 

Parabolic Concentrator (DCPC) to solar photovoltaic conversion. The objectives 

of the program included: 

• Determination of the design requirements for using a CPC or DCPC for 

concentrating solar energy onto photovoltaic cells. 

• Analyses of the design requirements imposed by the CPC or DCPC optical 

characteristics on the photovoltaic cells. 

• Development of fabrication techniques suitable for making CPC or DCPC 

components in mass production. 

• Design of a CPC panel and a DCPC panel that meet the essential require

ments of JPL Specification 5-342-1. 

• Construction and testing of a 1.2 m x 1.2 m (nominal) passively cooled 

panel incorporating the CPC. 

• Construction and testing of a 1.2 m x 1.2 m (nominal) passively cooled 

panel incorporating the DCPC. 

• Determination of the cost-effectiveness potential if panels of this 

type were mass produced. 

These objectives were all met. The results of the first four above objectives 

were used in constructing the DCPC and CPC panels. Panels were delivered to 

Sandia on December 21, 1976 (DCPC), and on February 5, 1977 (CPC). The 

detailed results of this project are contained in this, the final report, 

"Application of Compound Parabolic Concentrators to Solar Photovoltaic 

Conversion." 



The basic DCPC concentrator elements were injection-molded from acrylic 

(polymethylmethacrylate). These were bonded to silicon photovoltaic cells 

whose dimensions are 0.28 cm by 2.67 cm. The basic DCPC element is 4.45 cm 

high by 1.91 cm wide by 3.1 cm long. The complete DCPC panel contained 20 

modules, each module consisting of 108 DCPC/cell units. Because the DCPC 

design uses the mechanism of Total-Internal-Reflection (TIR), no metallization 

is necessary on the concentrator elements. 

A major design constraint imposed on both of these panels is that only 

passive cooling would be used. To avoid loss of conversion efficiency due to 

too high temperature of the solar cells, the cells were thermally coupled to 

an extended-surface heat sink. The complete DCPC panel, consisting of 20 

separate modules, contained 2160 concentrator/cell units and weighed approxi

mately 111 kg (244 lb). 

The completed DCPC panel was tested in sunlight on December 13, 1976. 
2 2 

The total insolation was 900 W/m , of which 818 W/m was direct. The insola-
2 

tion within the acceptance angle of a DCPC unit was calculated to be 831 W/m ; 

the measured peak output power of 114 W (4.85 A at 23.6 V) would scale up to 

138 W for 1 kW/m direct insolation. The panel fill factor is 0.74. The 

measured output power of the DCPC panel indicates a conversion efficiency of 

10.7% of the light incident upon the acrylic module faces within the angular 

acceptance of the DCPC units. The large packing factor of 0.96 for the 

acrylic modules in the panel frame leads to a conversion efficiency of 10.3% 

over the total panel area, including the panel walls. An experimental 

measurement of the angular acceptance of the panel was also made; results 

show that 75% of the incident solar radiation is accepted over an angular 

range of 16°. 

The basic CPC concentrator elements were injection-molded from 

acrylonitrile-butadiene-styrene copolymer (ABS). These CPC substrates were 

then treated with an undercoat polymer, evaporated aluminum, and a protective 

overcoat. A single CPC substrate is 5.1 cm high by 27.2 cm long. Two 

substrates—separated by 0.25 cm—form a reflective CPC trough. The basic 

design of the hollow (reflective) CPC panel is modular, similarly to the DCPC 

panel. Ten solar cells are positioned at the exit aperture of each CPC 

trough. Twelve rows of cells comprise one module; hence there are 120 cells/ 

module or 1920 cells/panel (16 modules/panel). The cells are soldered to a 

viil 



printed circuit sheet which provides alignment as well as electrical Insulation 

from the aluminum extended-surface heat sink below. To protect the cells 

from the atmosphere, the cells as well as the substrates are potted in two-

component RTV silicone rubber. Finally, an acrylic cover box is used to 

protect both the cells and the reflecting surfaces of the module. The 

completed CPC panel contains 16 modules and weighs approximately 76.5 kg 

(168.5 lb). 

The completed CPC panel was tested in sunlight on January 31, 1977. The 

peak output power was 81 W (3.2 A at 25.6 V). This represents a conversion 
2 

efficiency of 7.1% of the 844 W/m within the acceptance angle of the panel, 

which is larger by a factor of 5.7 than the power output of cells having no 

concentration. The array efficiency could be increased by design modifications 

that would increase the packing factor. If the insolation within the accep-
2 

tance angle is scaled up to 1 kW/m , the peak power scales up to 97 W. The 

hollow CPC panel has an efficiency of 7.1% over the panel area, but an 

efficiency of 9.6% over its active area. The packing factor of the panel 

could be increased by as much as 30% by design changes. Calculating the 

active area efficiency for a 0.96 packing factor would give a 9.25% panel 

efficiency. The angular acceptance of the CPC panel was also measured 

experimentally; the response curve is flat for approximately ±4° from the 

normal (>95% of peak) and has a full width at half maximum of approximately 

14°. 

The construction of these panels shows that the Compound Parabolic 

Concentrator concept offers several important advantages for a concentrator/ 

photovoltaic system: 

• Modern plastic molding techniques can be used to produce DCPC and CPC 

units at relatively low cost. 

• Total Internal Reflection (used in the DCPC design) offers high light 

efficiency and simplicity. 

• The elimination of metallization in a concentration system improves 

efficiency. 

• For some terrestrial applications, the elimination of diurnal tracking 

of the sun (in both designs) is of considerable importance and should 

not be underestimated. 



• Based on an efficiency model that has been confirmed by two prototype 

panels and on material and component cost data, photovoltaic CPC a can 

produce electricity at significantly lower cost than do flat photovoltaic 

arrays. The cost reductions are significant in comparison to the cost 

of a flat array even if the cost of silicon decreases by an order of 

magnitude. 

Calculations show that the cost effectiveness of cone-type concentrators 

would be better to that of trough-type concentrators. 
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ABSTRACT 

This report presents the final results of an analytical and 

experimental study of the application of nonimaging concentrators to 

solar photovoltaic conversion. Two versions of the Compound Parabolic 

Concentrator (CPC) were considered, the Dielectric Compound Parabolic 

Concentrator (DCPC) in which the concentrator is filled with a 

dielectric material that satisfies requirements for Total Internal 

Reflection (TIR), and a conventional CPC in which metallic reflec

tion is used for the mirror surfaces. 

Two working prototype panels were constructed and tested during 

the course of the program. The first was a 1.22 m by 1.22 m DCPC 

panel that requires only ten adjustments/year, has a panel utiliza

tion factor (packing factor) of 96%, and delivered the equivalent 
2 

of 138 W (peak) under 1 kW/m direct insolation. The net energy 

conversion efficiency was 10.3% over the entire panel area. The 

second panel was a conventional CPC panel measuring 1.22 m by 

1.22 m. This panel requires thirty-six adjustments per year, and 
2 

delivers the equivalent of 97 W when under 1 kW/m direct insolation. 

The results of a cost-effectiveness analysis of the concept of 

using nonimaging concentrators for photovoltaic conversion are also 

presented. The concentrator panels show a decided savings in 

comparison to the cost of flat plate photovoltaic panels, both at 
2 

present-day silicon costs ($2000/m ) and projected lower silicon 
2 2 

costs ($200/m ). At a silicon cost of $200/m , a two-dimensional 

(cone) version of the collector has the potential for achieving from 

$0.60-2.00 per average watt (about $0.15-0.50 per peak watt) while 

requiring only crude (±4.5°) tracking. 



I. INTRODUCTION 

A. Background 

The Compound Parabolic Concentrator (CPC) has been under development at 

Argonne National Laboratory since July 1974. The initial applications con

sidered for the collector were for photothermal conversion of solar energy. 

The family of nonimaging concentrators (which includes the CPC) has demonstra

ted unique advantages for solar energy collection, since these collectors 

have the widest possible acceptance angle for any factor of concentration. 

This feature allows stationary collectors or collectors that require only 

periodic adjustments to achieve much better performance than flat plate 

1-3 collectors. 

In 1975, ANL subcontracted two studies of the use of the CPC concept for 

photovoltaic energy conversion. The first, awarded to Mobil-Tyco, analyzed 

the potential of CPC's as primary concentrators, with photovoltaic cells as 

the receiver. The report concluded that with concentration ratios of 6-10, 

the concept offered good potential for a substantial reduction in cost for 

direct energy conversion. The second, a Spectrolab study, was of the use of 

a nonimaging concentrator as a second stage to a primary, focusing system. 

The study showed significant advantages for a two-stage system including: 

flux smoothing of the radiation, a larger acceptance angle that reduces the 

overall accuracy requirements for the primary reflector, and/or a greater 

concentration ratio. 

In October/November 1975, the concept of the Dielectric Compound Parabolic 

Concentrator (DCPC) was conceived and developed. This study showed that a 

broadened acceptance angle could be achieved by filling the collector shape 

with a clear material that has an index of refraction greater than 1.4 and 

that if the concentrator wall shape is appropriately designed for the chosen 

value of index of refraction and desired acceptance characteristics, total 

internal reflection will occur at the medium-air interface. 

A proposal to develop the CPC and DCPC concepts for photovoltaic energy 

conversion was submitted to the United States Energy Research and Development 

Administration (ERDA) in December 1975, and the program was initiated in 

February 1976, as a contract monitored by Sandia Laboratories. 



The CPC (and DCPC) concept allows the construction of a concentrating 

photovoltaic panel that physically resembles a flat plate collector but uses 

less silicon. It has an advantage over other concentrating systems in that a 

nontracking flat plate collector can be replaced with a nontracking concen

trating collector (which, however, requires periodic tilt adjustments). The 

performance can, therefore, be directly compared with the flat panel systems 

being developed by ERDA under the Low Cost Silicon Solar Array Project. 

These array specifications have been set to obtain nominal 1.2 m by 1.2 m 

panels for evaluation and demonstration. 

B. Program Scope 

This project included the design and analysis of the CPC and DCPC concept 

as applied to photovoltaic systems and the construction of two full-scale 

(1.2 m by 1.2 m) panels, one using the DCPC and the other using the CPC. A 

cost-effectiveness analysis was also performed to determine the potential of 

nonimaging concentrators for photovoltaic conversion. 

C. Program Objectives 

The objectives of the program included: 

• Determination of the design requirements for using a CPC or DCPC for 

concentrating solar energy onto photovoltaic cells. 

• Analysis of the design requirements imposed by the CPC or DCPC optical 

characteristics on the photovoltaic cells. 

• Development of fabrication techniques suitable for making CPC or DCPC 

components in mass production. 

• Design of a CPC and DCPC panel that meets the essential requirements 

of JPL Specification 5-342-1, including mechanical, electrical, and 

thermal integrity. 

• Construction and testing of a 1.2 m x 1.2 m (nominal) passively cooled 

panel using the CPC. 

• Construction and testing of a 1.2 m x 1.2 m (nominal) passively cooled 

panel using the DCPC. 

• Determination of the cost-effectiveness potential if panels of this 

general type should be mass produced. 



These objectives were all met, and the results are presented in Sections II> 

III, and IV of this report. 

The DCPC panel was delivered to Sandia on December 21, 1976, for long-

term testing and evaluation and the CPC panel was delivered on February 5, 

1977. 

During the course of the project, a technical paper was presented at the 

12th IEEE Photovoltaic Specialists Conference in Baton Rouge, Louisiana 

describing the collector concept and the panel under consideration. 



II. DCPC PANEL 

A. General Design Constraints 

The design of the Dielectric Compound Parabolic Concentrator (DCPC) 
g 

panel used the specifications outlined in JPL Document 5-342-1 for guidance. 

This JPL specification outlined the requirements and objectives for the 

terrestrial silicon solar cell panels for a 130-kW procurement phase of the 

Large Scale Production Task. Since these specifications were specifically 

directed to nonconcentrating panels, variations of some of the design con

straints were necessary. 

The DCPC panel was designed to meet the JPL demonstration requirements 

for mounting into 1.2 m by 1.2 m subarrays, including a 2.54 cm border for 

handling. In addition, it was designed to meet the general packing require

ments in regard to mechanical integrity, electrical integrity, and module 

interchangeabillty and replacement. The panel is also capable of withstanding 

the loads associated with normal handling and manipulation during field 

installation, operation, and repair. The panel is a rigid assembly with 

sufficient strength to withstand environmental loadings due to wind, rain, 

snow, and ice. Design loading values of ±2394 pascals (Pa) were assumed 

for these loads. The load is carried by the panel support structure, which 

consists of four aluminum (6061-T6) channels simply supported at the ends. 

Additional stiffness is provided by aluminum angles perpendicular to the 

channels. The support frame geometry and construction are described in 

greater detail below and can be seen in still greater detail by referring to 

the set of mechanical drawings in Appendix A. 

To ensure the specifications' requirements for electrical integrity, 

redundant circuitry is used extensively. The DCPC panel consists of 20 

modular subunits. Each such module contains 108 separate silicon solar cells 

wired in a series-parallel matrix for maximum redundancy. In addition, 

redundant outputs from each module are used to electrically couple modules to 

form the complete panel. In the DCPC panel, the outputs from each of the 

modules are routed to a common junction box in back of one of the aluminum 

channel units. This interconnection method allows the user the flexibility 

of wiring the modules in any manner necessary without removing them from the 

panel support structure. For example, the 20 modules could be wired in a 



single series or parallel string, or in any combination thereof. The panel, 

as delivered, is arranged in four rows in series, each row containing five 

modules connected in parallel. The junction box also provides a convenient 

location for electrically checking the performance of each module in the 

panel. The flexibility of being able to change the operating voltage of the 

finished photovoltaic panel is not usually afforded by conventional panel 

designs. 

The thermal characteristics of the panel are such as to minimize solar 

cell temperature to an extent consistent with minimizing panel cost per unit 

of power produced at the panel equilibrium temperature in a normal terres

trial thermal environment. The panel environment for thermal design was 
2 

assumed to be 100 mW/cm , AMI solar irradiance, and convective and radiant 

cooling from both front and rear module surfaces to 60°C still air. 

B. Concentrators 

The DCPC units that concentrate sunlight onto the solar cells have a 

trough geometry. They obey the optical relationship 

C = n/sin 0 

where C is the optical concentration ratio, n is the index of refraction of 

the medium in the collector, and 6 is the angular acceptance (half angle). 

As stated above, each module of the panel consists of 108 separate solar 

cells so that 108 DCPC units are required per module. Because the DCPC 

design uses the mechanism of Total Internal Reflection (TIR), a necessary 

requirement is that the concentrator must be constructed from an optically 

clear material with a dielectric refractive index n > 1. For optimum per-
I— 9 

formance, it is desirable to have n > v2. Two general classes of materials 

which could be used to fabricate DCPC units are glass and plastics. 

Plastic materials have a number of advantages over glass. They are 

lower in fabrication cost, have higher impact resistance, are lower in weight, 

and may be fabricated in a greater variety of configurations. For a refractive 

type reflector such as the DCPC, the optical properties are of the utmost 

importance. As mentioned above, the design of the concentrator requires that 

the refractive index be greater than the square root of two for optimum 

performance. Acrylic has a value of 1.491, polystyrene 1.590, polycarbonate 

1.586, and methyl methacrylate styrene copolymer (NAS) a value of 1.562. All 



optical plastics degrade when exposed to ultraviolet radiation. Acrylic 

(polymethylmethacrylate), however, has the highest resistance to degradation. 

For a solar concentrator, this is important. Other candidate plastic materials 

can be stabilized for ultraviolet resistance, but long-lifetime data on the 

optical properties of these materials in the solar spectrum are not as well 

documented as for acrylic; therefore, acrylic was chosen as the DCPC material. 

It is more transparent than most glasses for the spectrum corresponding to a 

silicon solar cell response, withstands UV, has a refractive index of 1.491, 

and has good mechanical stability. In addition, the coating techniques used 

on optical glass elements can be applied to acrylic plastic elements. These 

include an anti-abrasive coating and antireflective and antistatic coatings. 

Another important feature of plastic DCPC units is that they can be mass-

fabricated by injection-molding, casting, or pressing techniques. 

For the 108 single DCPC units that compose a modular unit, three levels 

of fabrication were considered. The first is to mold all 108 units together 

in one piece. The second is to mold a number of DCPC units together to form 

a strip of concentrators and then to bond these together to form the complete 

module face. The third method is to mold each DCPC unit separately and then 

to bond all 108 together to form the array. Of these three methods, the 

first would seem to be the most desirable for mass production. The second 

method was actually used to construct concentrator module faces. This was 

dictated by the methods available to mold the plastic DCPC units. Three 

methods of fabricating DCPC units were considered: casting, heat and pressure 

forming, and injection molding. 

To investigate casting as a fabrication method, two commercial plastic 

casting companies were contacted. In general, these firms stated that plastic 

parts coming out of the mold would not be clear and that it would be necessary 

to polish each piece to obtain the desired optical surface. The surfaces of 

the concentrator, which are quite complex, do not lend themselves to belt or 

disk sanding or polishing. Some examples of polyester cast by ANL personnel 

were obtained; they were observed to yellow under solar UV radiation. At 

that time, this method did not appear to be promising. However, later 

samples of usable optically clear aromatic epoxy casting resins have been 

obtained. Polishing of these materials after they come out of the mold is 

not necessary. An example of such an epoxy is Stycast 126A (bisphenol-A 

based epoxy resin). 



Another method explored was that of using heat and pressure to form DCPC 

units from a sheet of solid acrylic. The Arrem Plastic, Inc. Company of 

Addison, Illinois, contracted to do some preliminary studies of this fabrica

tion method. A die mold to produce a 3 x 3 "V" trough array was designed and 

fabricated for these studies, as shown schematically in Fig. II-l. This mold 

was used by the Arrem Company, but the results were inconclusive. Due to the 

proprietary nature of some of the molding techniques used, supervision by ANL 

was not allowed. This method may have promise for forming large sheet arrays 

for small concentrators. 

SIDE VIEW 

Fig. II-l. Pressure Forming Mold 

The most promising method, which was the method used, was injection 

molding. To investigate this method, approximately 30 injection-molding 

companies were contacted. The first result of this search was a consensus of 

opinion that injection-molding of the complete module face (108 units) would 

be extremely difficult and that the mold costs would be of the order of 

$10,000 to $20,000. Molding of DCPC strips would be easier, and molding of a 

single DCPC should be no problem. The second result of this search is the 

finding that the plastic molding industry is generally reluctant to work on a 

research and development type project. The industry is, in general, geared 

to the mass production of thousands if not hundreds of thousands of identical 



plastic items. Notable exceptions are the three plastic companies mentioned 

below. U.S. Precision Lens of Cincinnati, Ohio, is a plastic injection-

molding company which specializes in the production of high-quality precision 

plastic optical lenses. This company was chosen as a backup source for the 

fabrication of DCPC strips. W. M. Plastics of Rolling Meadows, Illinois, 

contracted to machine a mold and to fabricate single DCPC units for evaluation. 

The mold for this single unit cavity cost approximately $2,000, and usable 

DCPC units were prepared by injection molding. The primary injection-molding 

effort was made by Plastic Tooling Aids Laboratory, Inc. (PTA) of Skokie, 

Illinois. PTA has had considerable experience in working with research and 

development organizations and has contributed significantly to the successful 

completion of this project. 

A temporary injection cavity was made by PTA to fabricate a strip of 

nine DCPC units. After this mold was completed in Illinois, it was flown to 

their Boulder, Colorado, plant and used in a 75-oz. injection-molding machine. 

Examination of the first prototype strips revealed two major problems—sinks 

and warpage. The general configuration of the DCPC strip is shown in Fig. 

II-2. The injection-molding cycle consists of the injection of molten acrylic 

into the hot mold cavity, release of pressure, rapid cooldown, and ejection 

of the molded part. The cycle is then repeated. Typical cycle times are 

normally of the order of one to ten seconds. Due to the thickness of the 

acrylic DCPC strips, the parts after ejection actually had liquid, molten 

acrylic in their interiors after ejection from the mold. Internal solidifica

tion then caused the parabolic walls to sink in, resulting in severe optical 

distortions. 

-A\-
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Fig. II-2. Injection Molded Plastic Strip 
(Dielectric Compound Parabolic Concentrators) 
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The sink problem was solved by increasing the cycle time. The molten 

acrylic was maintained under pressure until cooldown, resulting in a cycle 

time of approximately 5 min. (In the plastics industry, this is an extremely 

long cycle time.) The DCPC strips produced in this way conformed so well to 

the contours of the mold that they could not be easily ejected. 

To obtain conditions that gave molded parts with acceptable profiles and 

allowed ejection of the finished parts, a complete new mold was constructed. 

Following a molding cycle, this new mold actually split into two parts, forcing 

the plastic parts out. The DCPC strips produced by this mold were adequate 

and could be produced in large numbers if required. As a result of the 

experience described above, injection-molding of complete module faces is 

much closer to feasibility. 

Due to the nonsymmetrical shape of the strips, a general warpage was 

observed in the strips, with the concave side warped in the direction of the 

exit apertures. The warping problem was solved by annealing the parts at 

140°F for 24 hrs. This annealing operation would be necessary even in the 

absence of warpage, being required before any bonding operations are performed 

to prevent stress crazing. 

Each DCPC strip contains nine single DCPC units, and twelve strips must 

be bonded together to form a complete module face. Two monomer-type cements 

were evaluated for this bonding operation, namely, Rohm and Haas PS-30 and 

PS-18. The cement PS-18 is a three-component system having the advantage 

that "spills" can be cleaned up with component "C." This cement system has 

two decided disadvantages: (1) if components are mixed in the wrong order, 

there is a potential explosive hazard and (2) it ends its pot life with the 

evolution of excessive heat and fumes. PS-30 is a two-component system with 

15 to 20 min working time. The bonds obtained with PS-30 are extremely 

strong and clear. A DCPC module face bonded with PS-30 and consisting of 12 

strips is a strong and durable structure and is shown in Fig. II-3. 

C. Photovoltaic Cells 

The design of photovoltaic cells for use with CPC's must take into 

consideration the nonuniform light intensity distribution across the exit 

aperture of the concentrator. The distribution depends upon the specific CPC 

shape, as well as the position of the sun, but in general one can describe it 

as shown in Fig. II-4. When the sun is at the acceptance angle, the intensity 
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Fig. II-3. DCPC Module Face 

/VA 

Fig. II-4. 

Light Intensity Distribution in 
CPC Collectors 

AA 

peaks at one edge of the exit aperture, as shown in A). Rays at angles 

closer to the optic axis of the CPC are concentrated into two broad bands of 

unequal intensities, as illustrated in B). With the rays parallel to the 

optic axis of the CPC, the bands are equal in intensity, and have moved 

toward (but not to the center of) the exit aperture. Case C) occurs whenever 
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the panel is oriented normal to the sun. Because of the symmetry of the CPC, 

frames D) and E) of Fig. II-4 (not provided) would be mirror images of frames 

B) and A), respectively. 

The cells designed for the two photovoltaic panels take this light 

intensity distribution into account. Figure II-5 is a diagram of one of the 

cells. It is a long narrow cell with heavy metallization along the sides and 

at one end where the lead wire is soldered. The narrow shape is particularly 

suited to the CPC. All charge carriers are generated within about 0.13 cm of 

the metallization. From the intensity distribution across the exit aperture 

(Fig. II-4), one notes how the light intensity peaks away from the center 

toward the metallization. In the extreme case in which light intensity peaks 

at one edge, the charge carriers are still generated close to the metallization. 

Current is easily taken out of the cell and into the wires. 

0.28 CM 

HEAT 
SINK 

METALLI
ZATION 

ACTIVE 
AREA 

k u 
2.57 CM 

Fig. II-5. 

Photovoltaic Cell on Heat Sink 

0,37 CM |( »( 

1̂  1,52 CM ^ 

About 26% of the silicon area is covered by metallization. However, the 

CPC does not concentrate light on the metallization along the sides. The 

DCPC does not even concentrate light onto the metallization strip at the end, 

but uses total internal reflection to concentrate light slightly in the east-

west directions away from the metallization at the end. With the energy of 

"six suns" concentrated only on the cell's active area, the effect of 
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metallization drops to less than 6%, in comparison to the effect of metalliza

tion in a flat-plate photovoltaic panel (where it is '̂ '10-15%) . In comparing 

CPC's to other concentrators, one should note that when cells are aligned 

properly with the CPC, no light is wasted on the metallization. This represents 

a gain of at least 15% in comparison with conventional concentrators which 

require cells with special metallization patterns. 

The above general design considerations of photovoltaic cells for CPC 

use were formulated into a detailed set of specifications. These were then 

sent to six commercial cell manufacturers for competitive bids. The manufac

turers were: 

• Spectrolab, Sylmer, California 

• Sensor Technology, Chatsworth, California 

• M-7 International, Arlington Heights, Illinois 

• Solarex, Rockville, Maryland 

• Solar Power Corporation, Wakefield, Massachusetts 

• OCLI, Santa Rosa, California 

The general specifications that the cells were to meet were: 

1. The diffused surface layer was to be n-type, and the base layer p-

type. 

2. The silicon photovoltaic cells were to have an area suitable for 

interfacing with a DCPC or CPC trough configuration. The nominal 

dimensions are 0.284 cm width, 2.570 cm length, and 0.0305 cm 

thickness. 

3. Whether grid fingers were added to reduce series resistance loss 

was left as an option to the supplier. 

4. The cell performance specification was to be at least 12% solar 
2 

power conversion efficiency at 28°C when illuminated at 1 W/cm 

(equivalent to ten suns), with an AMI (or equivalent) solar spectrum. 

In determining the efficiency, the area of any grid fingers that 

penetrate the interface area region could not be substracted from 

the active area. 
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The use of an interference antireflection (AR) coating was allowed 

for obtaining 12% efficiency. 

Each cell used for the DCPC panel was to be soldered to a Kovar 

heat sink to provide for cooling; the cells used for the CPC panel 

were not to be attached until a later specification. 

The heat sink was to be made from Kovar, 0.025 cm thick, plated 

with 0.0025 cm silver followed by 0.005 cm of solder. 

The cells for the DCPC panel, obtained from two sources, are shown 

schematically in Fig. II-6. Sensor Technology cells have thirteen grid 

fingers that cross the active area and an active area (including finger area) 
2 

of approximately 0.7620 cm . Spectrolab cells have no collection grid fingers 

2 

and have an active area of approximately 0.719 cm , still within the dimen

sional specifications. Both types of cells have an antireflection (AR) coating 

applied to the silicon surface. The manufacturers' specifications for each 

cell are shown in Table II-l. 

Fig. II-6. 

Cells Supplied for Panels 

SENS01 TECHNOLOGY DESIGN SPECTlnUB DESIGN 

Base Material 

Base Resistivity 

Diffusion Depth 

Sheet Resistance 

Metallization 

AR Coating 

TABLE II-l 

Manufacturers' Data for Photovoltaic Cells 

Spectrolab 

Boron-Doped Si 

0.5-1.5 f̂ -cm 

0.5 Micron Range 

'̂ '22.5 n/sq. 

Ti, Pd, Ag 
Sintered at 600°C, Solder-
Dipped, and Pressed (Sn-62) 

Ta205 

Sensor Technology 

Boron-Doped Si 

Up to 5 î -cm 

Less than 0.65 Micron 

30-50 n/sq. 

Solder on Electrodeless 
Ni Plating 

SiO 
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Upon receipt, each solar cell was subjected to several mechanical and 

electrical functional tests. In addition, test cells were selected and 

subjected to Auger spectroscopy for verification of plating materials and 

thickness. The tests performed on each cell and on selected test cells were 

as follows: 

1. Verification that the photovoltaic cell and heat sink obeyed the 

dimensional constraints and were of the required construction. 

Auger spectroscopy was used to examine the various plating layers 

and materials. 

2. Verification that the heat sink was mounted to the cell in confor

mance with the dimensional constraints given above. 

3. Verification of AR coating uniformity and general observation of 

cell cleanliness. Cleanliness is required to minimize contamination 

and to maximize solar energy collection and conversion efficiency. 

4. Verification that the cell had at least a 12% solar power conversion 

efficiency. 

5. Electrical measurements of open circuit voltage, short circuit 

current, and I-V curves at unconcentrated (one sun) and concentrated 

(ten suns) conditions. 

Since the number of photovoltaic cells is of the order of 2000 for each 

panel, the labor involved in cell performance verification testing was 

considerable. M-7 International of Arlington Heights, Illinois, was awarded 

a subcontract to aid in the solar cell performance testing and in the wiring 

of cells into module arrays. The electrical tests performed by M-7 included 

measurement of cell efficiency under one-sun illumination, and the forward 

and backward leakage currents. The cells were sorted into performance 

categories before being wired into module arrays. 

Individual solar cells were then wired into a 108-element matrix to be 

coupled to the DCPC concentrator module face. Before the actual coupling 

operation, the performance of the completed array was measured under one-sun 

conditions. After satisfactory operation of the array, it was optically 

coupled to the concentrator assembly. 

Mechanical alignment of 108 wired, but still physically separate, solar 

cells to the 108 exit apertures of the concentrator module face required the 
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development of a holding fixture. The alignment problem is illustrated in 

Fig. II-7. The alignment fixture devised for this operation consisted of a 

mounting board, to which are fastened 12 thin strips of G-10 material that 

correspond to the 12 rows of solar cells in each module. These strips are 

mounted to the base plate by small screws through holes at each end. The 

holes in the G-10 strips are oversized to allow adjustment of the strips in a 

vertical or horizontal plane. (This movement is adequate to compensate for 

any possible variation in the spacings between DCPC strips resulting from the 

PS-30 bond joint.) To hold the solar cells down onto the nonmetallic G-10 

strips, magnetic rubber strips from the Methods Research Corporation, 

Farmingdale, New Jersey, were bonded to the G-10 strips. This magnetic strip 

material is similar to the material used to close and seal refrigerator 

doors. It has a hard rubber-like composition, is magnetic so that the Kovar 

heat sinks are attracted to it, and comes in strips of various dimensions. 

This one simple fixture served as both a soldering fixture and an optical 

alignment fixture for the final bonding of the cell matrix to the DCPC module 

Fig. II-7. Cell Matrix Being Aligned to Concentrator Module Face 
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face. The magnetic force between the Kovar heat sinks and the magnetic 

strips was such that it allowed readjustments of cell position, yet was 

strong enough for easy transportation and storage of solar cell assemblies. 

D. Optical Coupling—Cells to Concentrator 

The silicon solar cells had to be optically coupled to the acrylic DCPC 

concentrators. Several types of adhesive were considered for this purpose. 

These included: 

1. General Electric and Dow Corning single-component silicone rubber 

adhesive. 

2. Cadco acrylic adhesive PS-30. 

3. Nuclear Engineering 580 optical epoxy. 

4. Ablestik 342-3A. 

5. General Electric and Dow Corning two-component silicone rubbers 

such as RTV 615A and R-63-489. 

In addition, several technical reports such as JPL-32-1528 were consulted as 

to previous space and terrestrial research in this area. The successful 

application of an adhesive depends on many factors—not only adhesion of 

materials by surface attachment, but also compatibility with the desired 

assembly process. The proper adhesive and the correct time-temperature-

pressure relationship that allows it to cure must be determined. A determina

tion must also be made of the substrate-surface treatment which will yield an 

acceptable degree of permanence and bond strength. A most important consider

ation in this case is that the joint must be correctly designed to avoid 

stresses that could cause premature failure, and the adhesive must remain 

clear upon curing. 

After extensive experimentation and testing, the adhesive and substrate-

surface treatments selected were as follows: The acrylic exit-apertures were 

cleaned with 2-propanol and air-dried. Dow Corning 03-6060 primer was applied 

and allowed to dry. Over this, Dow Corning 1205 was applied and allowed to 

dry. The 1205 primer improved the adhesion of the final room temperature 

vulcanizing (RTV) adhesive. The adhesive used to actually bond the solar 

cells to the acrylic concentrators was a single-component RTV adhesive. RTV 

adhesive is a clear silicone rubber which forms a flexible bond with high 
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peel-strength. These materials cure by reacting with atmospheric moisture 

and can withstand exposure to 232°C for extended periods. No notable difference 

was observed between General Electric and Dow Corning products for this 

application. 

Measurements were also taken to observe the effects of any possible 

bonding problems upon the electrical power concentration factor. Figure II-8 

shows the results (as current-voltage curves) for a well-coupled contact, a 

noncoupled contact (dry contact), a one-half coupled contact, and a contact 

with extensive bubbles. It can be seen that even when the cell was half-

coupled to the concentrator, the short-circuit current remained at approxi

mately 85% of that of the well-coupled short-circuit current. It was determined 

that it is possible to bond DCPC module faces to cell matrices in which all 

cells are optically well coupled; any partial loss of coupling is not extremely 

detrimental to panel performance. 

e3 

I. MA 

Fig. II-8. Effect on Performance of Optical Coupling 
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E. Thermal Design 

A concentrator design must provide for the removal of the additional 

heat to avoid conversion efficiency loss due to temperature rise of the solar 

cells. A major design constraint imposed on these panels is that only passive 

cooling would be used. Concepts of fabricating the systems for active cooling 

by means of a recirculating fluid and using the low-grade heat derived thereby 

for other applications were not considered in this program but would be of 

considerable importance in future terrestrial applications. 

As a basis for the thermal design, the incident peak solar radiation was 
2 

assumed to be 1 kW/m and the ambient temperature was assumed to be 60°C. An 

additional constraint of <6°C between cell and heat sink was also imposed. 

For a DCPC panel composed of 20 modules of dimensions 27.4 cm by 22.9 cm 

each, this corresponds to a total incident energy of 1,254 W or 4270 Btu/hr. 

Heat rejection must be by radiation and natural convection. A detailed 

analysis showed that for the above operating conditions, an overall heat 

2 
transfer coefficient of 1.88 Btu/(hr)(ft )(°F) from the heat sink to surround
ings through the back of the solar panel is obtained. Taking into considera
tion heat transfer through the acrylic DCPC units to the surroundings, one 

2 
obtains a combined heat transfer coefficient of 1.315 Btu/(hr)(ft )(°F). 

From the above considerations, one calculates a heat loss of 800 Btu/hr from 

the front of the DCPC panel and 3470 Btu/hr from the rear. A heat loss of 

this magnitude at the rear of the concentrator requires an area that is a 

factor of three larger than the frontal area and thus implies an extended-

surface heat sink. 

As stated previously, a Kovar heat sink was soldered to each solar cell 

by the suppliers. This attached heat sink served as one of the cell contacts 

and as an intermediate heat sink for thermally coupling the cell to the main 

extended-surface heat sink. To provide electrical insulation between the 

Kovar and the extended-surface heat sink, a layer of electrical insulation 

(Mylar) is positioned between them. Calculations indicate that heat flow 

from the photovoltaic cells to the extended-surface heat sink results in only 

a few degrees of temperature drop if the thicknesses of the insulation and 

air gaps are kept low. For example, 0.008 cm of Mylar results in a AT of 

0.6°C, and 0.013 cm of air results in a AT of 4.7°C. Air gaps are eliminated 

by the use of a heat-conductive silicone grease. The extended-surface heat 
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sink serves the additional function of providing a flat surface upon which 

the concentrator-cell elements can be mounted. A considerable savings in 

machining costs for the prototype panel was obtained by using standard 

aluminum extrusions for these extended-surface heat sinks. These extrusions 

can be obtained in various configurations and require only the machining of 

the top surface as a concentrator-mounting surface. Figure II-9 shows the 

general configuration of the DCPC photovoltaic module with the acrylic DCPC 

module face, the integral solar cell-heat sink assembly, and the extended-

surface heat sink. 

SOLAR ENERGY XCRYIIC COMPOUND PARABOLIC 
CONCENTRATOR — v . yf CONCENTRATOR UNITS 

INTEGRAL SOLAR C I L L - - J ^ ' H[S " " " " " 
HFIT SINK aWnWRIV ntBISIRR 

Fig. II-9. DCPC Photovoltaic Module 

F. Module Support Structure 

The general configuration of the DCPC support structure is similar to a 

window-frame type configuration. The load of 2394 pascals (Pa) is carried by 

four channels supported at the ends. Additional stiffness is provided by T 

sections positioned perpendicularly to the four channels. Both structures 

were fabricated from standard aluminum extrusions, type 6061-Tl. Calculations 

indicate a deflection of 0.30 cm in the center of the 1.16-m span under 

maximum loading. The support structure for the DCPC panel contains the 20 

DCPC modules. Figure 11-10 shows the DCPC panel assembly with the 20 DCPC 

modules in place. The details of the frame are shown in the mechanical 

drawings. Appendix A. 

G. Module Performance 

I-V curves were measured for each modular array of photovoltaic cells 

before the cells were bonded to the acrylic DCPC's. These measurements were 

made under controlled 1 kW/m^ AMI conditions. The xenon light source used 
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Fig. 11-10. DCPC Panel Assembly 

for these measurements could illuminate the module area evenly, but the 

angular dispersion of the light prevented use of the light source for measure

ments of the completed module performance. Measurements of I-V curves for 

all completed modules were made in sunlight, and the results may be scaled to 
2 

1 kW/m direct insolation for comparison with the results for unconcentrated 

modules. Total-normal and direct-normal insolation were measured using a 

tracking Eppley pyranometer and pyrheliometer to determine the insolation 

within the acceptance angle of the DCPC units. If n is the index of refraction 

of the concentrator unit (1.00 for CPC, 1.49 for DCPC) and C is the concentra

tion factor of the unit, the accepted insolation is equal to the direct 

component plus — times the diffuse component. Although the completed modules 

were tested under varying insolation conditions on different days, one module 

was tested each day and its scaled output varied by less than 1.5%. The 

averaged results for the 20 modules are given below. The short-circuit 

current, I , the open circuit voltage, V , and the peak power values for 

the averaged concentrated array are scaled to 1 kW/m direct beam. The 

following table shows that the actual peak power concentration ratio is 

approximately 6.4. 
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Unconcentrated Array 
(Scaled to 1 kW/m2) 

Concentrated Array, 
(Scaled to 1 kW/m2) Ratio 

oc 

sc 

max power 

Peak Power 

6.76V 

0.22A 

5.40V 

I.IOW 

7.76V 

1.21A 

6.14V 

7.01W 

1.15 

5.50 

1.14 

6.37 

The averaged I-V curve for the concentrated modules is presented in 

Fig. 11-11. The average power vs output voltage curves for the unconcentrated 

and concentrated arrays is presented as Fig. 11-12. 

V„. - 7.76 V 

- 1 1 1 1 1 1 1 I I I I ll 
0.2 0.1| 0.6 0.3 

CURRENT. A 
1.0 1.2 

Fig. 11-11. 

Average DCPC Module Performance 
(Scaled to 1 kW/m2 Direct) 

Fig. 11-12. 

Average DCPC Module Power Curves 
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Burgess defined the actual concentration ratio, ACR, at a solar cell 

to be 

ACR = n A /A . 
o o c 

where A /A is the geometrical concentration factor, when A is the incident 
o c o 

aperture area and A is the solar cell area. r\ is the total optical efficiency 

of the concentrator-cell combination and includes reflection and transmission 

losses of the optics. For the DCPC design, A /A ^7.45. After correcting 

the power ratio by the factor 1.17 to account for improved cell performance 
4 

due to increase light intensity, the average optical efficiency (n ) is 

about 73%. Measurements indicate an unavoidable loss of 8.4% due to light 

transmission through clear acrylic of similar thickness; therefore, an average 

loss of 18% from the maximum possible concentration ratio was due to imper

fections such as sinks in the acrylic walls, nonperfect bond joints, cell 

surface reflections, etc. It is felt that with additional effort, these 

losses could be reduced. 

2 
Consider now the energy balance for the typical module. For 100 mW/cm 

incident, the average module produces 7.01 W for a DCPC module of incident 

area 27.6 cm by 23.3 cm. This is equivalent to the power output of a hypo

thetical single solar cell of the same dimensions as the module, but of 10.9% 

efficiency. The average output from the unconcentrated arrays was only 

1.10 W. We note that in terms of silicon, we are using only one-sixth the 

amount necessary to make a single equivalent cell. This savings of expensive 

silicon can be of considerable importance in large-scale terrestrial applications. 

H. Panel Test Equipment 

Testing of the completed panel required an accurate method of varying 

the current through the panel. A current amplifier circuit designed by 

Dr. K. Reed of Argonne National Laboratory is shown in Fig. 11-13. 

The "current amplifier" circuit acts as a high-power, high-resolution 

variable resistor. The level of forward bias at the base of the 2N3055 

driver determines the amount of current which can be forced through the 

collector-emitter leads of the 2N3791 transistor by the photovoltaic panel, 

and hence determines the operating point of the panel. The X-Y recorder 

monitors the voltage across the panel directly and monitors the current by 

means of a calibrated, low-resistance shunt. Since the voltage drop across a 
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X-Y RECORDER 
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PHOTOVOLTAIC 
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51 - CLOSE TO MEASURE Ig^ WHEN S2 CLOSED, 

OPEN TO TAKE I-V CURVE 

52 - OPEN TO MEASURE PANEL VQJ,. CLOSE OTHERWISE 

53 - OPEN TO REMOVE BIAS 

Fig. 11-13. Current Amplifier C i r cu i t for Panel Tests 

A X-Y RECORDER A 

I-Axis 
20 MV/A 

s i l i c o n t r a n s i s t o r in s a t u r a t i o n can be cons iderable (Vc^^g^j) ^ 1 V), a 

switch i s provided to bypass the t r a n s i s t o r for s h o r t - c i r c u i t cu r ren t measure

ments. Likewise, a switch i s provided to i s o l a t e the panel for o p e n - c i r c u i t 

vol tage measurements. The c i r c u i t can s ink 150 W cont inuously a t a maximum 

of 30 A. 

I . Panel Performance 

The completed DCPC panel was t e s t ed in sun l igh t on December 13, 1976. 
2 2 

The t o t a l i n so l a t i on was 900 W/m of which 818 W/m was d i r e c t . The i n s o l a t i o n 
2 

within the acceptance angle of a DCPC unit was calculated to be 831 W/m , and 
so the measured peak output power of 114 W (4.85 A at 23.6 V) would scale up 

2 
to 138 W for 1 kW/m direct insolation. The I-V curve is presented in 

Fig. 11-14, and the power curve is shown in Fig. 11-15. 

The measured output power of the DCPC panel indicates a conversion 

efficiency of 10.7% of the light incident on the acrylic module faces within 

the angular acceptance of the DCPC units. The large packing factor of 0.96 

for the acrylic modules in the panel frame leads to a conversion efficiency 

of 10.3% over the total panel area, including the panel walls. 
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Fig. 11-14. 

Performance Curve for DCPC Panel 
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A comparison of the panel performance and module performance is important 

to indicate the effects of the series-parallel wiring used in the panel. The 
2 

average of the 20 modules' individual peak output powers scaled up to 1 kW/m 

was 7.01 W; the sum of the peak powers was 140.2 W. The scaled peak output 

power of the panel was 138 W (an average of 6.9 W/module) or 98.7% of the sum 

for the individual modules. This agreement indicates that the series-parallel 

wiring was not a detriment to the panel performance. An experimental measure

ment of the angular acceptance of the panel was also taken and shows that 75% 
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of the incident solar radiation is accepted over an angular range of 16°. 

These measurements are shown in Fig. 11-16. The tilt adjustment schedule for 

this panel is presented in Appendix C. 

5.0 

t.o 

2.0 

-12- -l|- 0 f 8" 12" 

ANGLE OF SUN FROM OPTJC AXIS 

Fig. 11-16. 

Variation of Short Circuit Current 
with Orientation of Reflector to Sun 

The construction of these panels shows that the compound parabolic 

concentrator concept offers several important advantages for a concentrator/ 

photovoltaic system. 

• Modern plastic molding techniques can be used to produce DCPC and CPC 

units at relatively low cost. 

• Total Internal Reflection (used in the DCPC design) offers high light 

collection efficiency and simplicity. 

• The elimination of metallization in a concentration system improves 

efficiency. 

• Elimination of diurnal tracking of the sun in both designs is of 

considerable importance in some terrestrial applications and should 

not be underestimated. 

The modular design philosophy as used here allows the scaling-up or 

-down of the DCPC concept; this scaling feature was found to be of considerable 
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importance. Prototype DCPC strips and modules have been used to power small 

solid-state radios and television sets, and such units can be incorporated 

into many types of small appliances used today. Of course, the weight of the 

solid acrylic concentrator becomes a disadvantage as one scales up the DCPC 

concept to larger areas. For larger configurations, the lightweight CPC 

design described in the next section has an advantage. 

The cost-effectiveness of these systems is estimated in Section IV. 
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III. REFLECTIVE HOLLOW CPC PANEL 

A. Design 

The basic design considerations for the hollow CPC photovoltaic panel 

were the same as those for the DCPC panel. The CPC is a nontracking panel 

with moderate concentration, requiring only occasional north-south tilt 

adjustments. The panel size and the frame's mechanical specifications are 

the same as those for the DCPC panel (described in Section II). The detailed 

mechanical drawings are included as Appendix B. 

An early decision was made to use the same cell design for both panels 

to reduce costs for cells by increasing the quantity of cells obtained from 

each manufacturer. The interchangeabillty of cells from the two panels 

allowed cell testing procedures to be standardized and provided an ample 

supply of cells for evaluating procedures of construction for both panels. 

The final reflective CPC panel design used the same cell-heat sink combination 

as the DCPC panel, which was permissible because the cell design had been 

standardized. 

Figure III-l is a photograph of early prototype components of a reflective 

CPC photovoltaic module. Six aluminized plastic reflector substrates are 

shown, as well as solar cells having grid fingers. The Argonne logo rests on 

the circuit sheet used for interconnecting the solar cells. An extruded 

aluminum heat sink forms the base, and provides alignment notches for the 

circuit sheet and CPC bars. A protective plastic cover shields the cells and 

reflectors from dust and dirt. A second extruded aluminum heat sink is also 

shown (upside down) to illustrate the extended surface and the mounting 

standoffs. 

Figure III-2 is a closeup photograph of the six CPC reflectors. Solar 

cells having grid fingers have been placed between alternate rows to illustrate 

the contrast between troughs with and without cells. The 0.28-cm-wide cells 

at the base of the reflectors appear to completely fill the reflective trough. 

The alignment notches, positioning shoulders, and cover groove are also 

clearly shown. 

The basic design of the hollow (reflective) CPC panel is modular, similar 

to the DCPC panel. A complete set of mechanical drawings of the module is in 

Appendix B. In each module, aluminized plastic CPC trough reflectors were 
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Fig. III-l. CPC Module Components 

positioned above rows of 0.28-cm-wide photovoltaic cells. The ten cells in 

each row were soldered to a common copper strip on the circuit sheet, providing 

redundant parallel wiring of the row. The top lead wire from each cell was 

soldered to the next row, providing redundant series connections between 

rows. Twelve rows of cells comprised one module; hence 120 cells/module or 

1920 cells/panel were required. After a completed, tested circuit sheet was 

aligned and epoxied to the module heat sink (with Shell Epon 815 epoxy resin, 

using Celanese 855 curing agent), the entire circuit sheet was coated with a 

two-component RTV (G.E. No. 615A), and the reflectors were installed before 

the silicone rubber cured. Tabs on the ends of the reflectors were press-fit 

into the positioning slots in the heat sink, and the cured RTV secured the 

reflectors. Finally, an acrylic cover box was used to protect both the cells 

and the reflecting surfaces of the module. To prevent displacement of the 

covers during barometric pressure changes, the boxes were not hermetically 
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Fig. III-2. Closeup of CPC Reflectors 

sealed. Each module was vented through long, partially crimped copper tubes 

running from north to south and protected between the fins of the heat sink. 
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The modular design of the panel has several advantages—both for prototype 

construction and for a production model panel. For the prototype panel, the 

modular design allowed small sections of the panel to be constructed and 

tested separately, which was particularly important since various assembly 

techniques could be evaluated on a small scale without committing a whole 

panel. For a production model with automated assembly, a modular design has 

advantages, especially with regard to tooling limitations. The module size 

in production might be substantially different from the size of the present 

prototype. 

Modules are also interchangeable, and a damaged one can be replaced 

easily. By altering the wiring on the terminal strips housed in a protective 

aluminum box beneath the frame (as discussed for the DCPC panel), various 
2 

output voltages are possible. For example, with 1 kW/m direct insolation, 

the sixteen modules in the hollow (reflective) CPC panel could be wired in 

different series-parallel combinations to give peak output voltages of 

approximately 7.5, 15, 30, and 60 V with corresponding short circuit currents 

of approximately 8, 4, 2, and 1 A. 

A penalty paid for the particular type of modular construction in the 

hollow CPC panel is a decrease in packing factor. Alternative designs for 

the panel could minimize this loss of packing factor. 

B. Aluminized Plastic Reflectors 

The design of the CPC shape (shown in Fig. III-3) narrowed the field of 

candidate materials and fabrication processes for producing reflectors. The 

materials considered for reflector substrates included polished sheet aluminum, 

plastic, and super-plastic zinc. The four processes evaluated were: extrusion 

of plastic, thermoforming of plastic sheets, thermoforming of the super-

plastic zinc alloy, and injection-molding of plastics. Thin sheet metal 

reflectors were not selected for the first prototype panel because of schedule 

limitations. 

Extrusion of plastic would be a high-speed method for the production of 

reflector substrates. However, long extrusions having non-uniform wall 

thicknesses were not considered to be precise enough for the small CPC units 

dictated by the cell size. If larger cells and correspondingly larger 

reflectors were used, extrusions would have to be reevaluated because the 

ability to maintain the CPC shape with extrusions has not been demonstrated. 



32 

Fig. III-3. 

CPC Shape for Reflective Panel 

Thermoforming of plastics has demonstrated good potential for large CPC 

reflectors. Thin-walled, accurately-shaped reflectors have been made for the 

photothermal program. If cells of 1 to 2 cm width or larger were used, 

thermoforming would be a good candidate process for producing lightweight CPC 

reflectors. However, the prototype photovoltaic panel design required small, 

precise CPC units with sharp angles and too deep a draw for thermoforming. 

Thermoforming of super-plastic zinc was also evaluated as a method of 

making a substrate that would be compatible with silver metallization for 

obtaining higher reflectivity than that of evaporated aluminum on plastic 

substrates. This process was judged to not be cost-effective for the prototype 

panel because of high tooling and development costs—or for production model 

panels because of high materials costs. 

The plastic reflector substrates for the prototype panel were made by 

injection-molding. Sample acrylonitrile-butadiene-styrene copolymer (ABS) 

and polysulfone substrates were molded and treated with an undercoat polymer, 

evaporated aluminum, and a protective over-coat for evaluation. The more 

expensive polysulfone material ($4.4l/kg) tolerates higher temperatures in 

the coating steps and was used as a backup for the ABS. Since there were no 

problems with the ABS substrates, this less expensive material ($1.10/kg) was 

used in the panel. Both the ABS and polysulfone substrates were undercoated 
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with SM1954 base coat resin mixed 1:1 with SV-1981 solvent.* After vapor 

deposition of an aluminum reflecting surface, the substrates were given a 

protective over coat of ET-4.* Lower drying temperatures and correspondingly 

longer drying times were required for the ABS substrates. 

The aluminized reflectors were assumed to be electrically shorted to the 

heat sinks; therefore, 0.013-cm-thick Mylar sheets were attached to the 

bottom of the reflectors to Insulate them from the top contact of the photo

voltaic cells. 

Several mold changes were required to produce acceptable reflector 

substrates. The final design used is shown in Fig. III-4. The tabs provided 

positioning in slots in the heat sinks and the shoulders provided vertical 

alignment. It should be noted that the packing factor of each module could 

be increased by molding special "half reflectors" for each end of the module. 

This option would have required tooling and development costs for a second 

mold, and was deemed unnecessary for the prototype panel. It should be clear 

that the packing factor for this panel could be improved significantly by 

such minor design changes in a second-generation panel. Figure III-5 is a 

photograph of reflector bars before and after aluminum evaporation. 

0,127 CM 

Fig. III-4. 

CPC Reflector Substrate 

Red Spot Paint and Varnish Co., Inc., 110 Main Street, Evansville, 
Indiana 47703. 
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Fig. III-5. CPC Reflectors 

C. Photovoltaic Cells and Circuit Sheets 

The specifications for the photovoltaic cells used in both panels have 

been discussed in Section II. The original concept for the hollow CPC panel 

was that the cells would be mounted directly on an etched circuit sheet in a 

series-parallel circuit. A design change was made to make the units more 

durable—the cells would be soldered end-to-end on Kovar strips. After a 

given strip was completed and tested, it would then be soldered or epoxied to 

a circuit sheet. One cell manufacturer provided completed prototype strips, 

but problems developed with the technique, and delivery of the strips was 

delayed. 

A decision was made to begin construction of the panel using cells on 

individual Kovar heat sinks as in the DCPC panel, while having the manufacturer 

continue some developmental work on the strips. Copper-on-Mylar circuit 

sheets were designed to provide the parallel wiring of rows, and the alignment 

holes in the Kovar heat sinks were used for positioning the cells on the 

sheet. The cells were held in position by magnetic strips beneath the circuit 

sheets. A thin aluminum sheet between the circuit sheet and the magnetic 

strips helped protect the Mylar from the soldering heat and also kept the 

circuit sheet flat. 

The entire panel was completed using the cells on individual heat sinks; 

the development effort to make cells on Kovar strips was stopped after 

successful delivery of 60 strips and completion of the program. 
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D. Module Support Frame 

The frames for both panels were designed to meet the 4iniensional and 

mechanical specifications of the JPL procurements, as described in Section II. 

Therefore the two panel support frames are very similar. 

E. Extended Aluminum Heat Sinks 

For convenience and for comparison purposes, the same extruded aluminum 

heat sink material was used for modules in both panels. This was not neces

sarily optimum for the hollow CPC panel, because its modules would have more 

heat losses from the front surface that would tend to make an extended-

surface heat sink less necessary. The tops of the heat sinks were machined 

to provide for alignment of the circuit sheets and the reflectors. Figure 

CE-C6929 in Appendix B shows the heat sink design with alignment slots and a 

groove around the sides provided for the cover box. The back sides of the 

module heat sinks were degreased, undercoated with zinc chromate primer, and 

sprayed with flat black Krylon paint. 

F. Acrylic Covers 

Each module was protected by its own acrylic cover box. The boxes were 

made of 0.318-cm acrylic sheet cut to size and glued with PS-30. Grooves 

machined in the heat sinks held the boxes in place, and they were sealed with 

a single-component RTV adhesive. The grooves were oversize to allow for the 

differences in thermal expansion of acrylic and aluminum. The modules were 

vented to prevent pressure changes from displacing the cover boxes. Long 

partially crimped copper vent tubes run from north to south under the module 

heat sinks. Entry of water into the modules due to rain or washing is unlikely 

with this venting technique; however, the modules are not hermetically sealed. 

G. Packing Factors 

In some applications of photovoltaic power, array efficiencies are 

important, as well as the effective use of solar cells by concentrating 

sunlight on them. Therefore, it is appropriate to examine the panel's packing 

factor of 0.737 to determine to what extent the various area losses in this 

prototype panel could be reduced to increase the packing factor and thereby 

the array efficiency. There are three broad categories of area losses in the 

panel: the area of the flat tops of the reflector units, spaces between 

cells and reflectors, the areas within a module but outside the reflectors. 
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and areas between adjacent modules and/or the panel frame. These area losses 

are discussed below and are expressed as percentages of the panel area. A 

summary is presented in Table III-l. 

TABLE III-l 
a 

Packing Factor Losses 
(As percentages of panel area) 

Area 

Flat tops of reflectors 

Spaces besides cells 

Vacant half-rows at 
north and south ends 
of modules 

Open ends of troughs 

Module cover box walls 

Heat sink area outside 
the cover walls 

Areas between heat sinks 

Total, % 

Active Area, % 

Prototype 
Panel, % 

5.3 

2.9 

6.5 

0.5 

3.1 

5.5 

2.5 

26.3 

73.7 

Optimized Modular 
Panel, % 

6.0^ (2.0) 

3.3^ (1.1) 

0.0 

0.2 

3.1 

0.0 

2.5 

15.1 (8.9) 

84.9 (91.1) 

Nonmodular 
Panel, % 

6.2*̂  (2.0) 

3.4̂ ^ (1.1) 

0.0 

0.0 

0.9 

0.0 

0.0 

10.5 (4.0) 

89.5 (96.0) 

Numbers in parentheses are based on a threefold increase in cell width and a 
corresponding decrease in the number of reflectors. 

The total areas of reflector tops and the spaces beside cells will increase 
as the other area losses are decreased. 

The flat tops of the reflectors occupy 5.3% of the panel area. With the 

cell size and CPC design used in the panel, this loss could not be reduced 

significantly. The 0.127-cm-wide tops of reflectors cannot be significantly 

reduced for injection-molded plastics. One way of reducing the percentage of 

total area covered by the tops of the reflectors is to increase the cell 

size; this would also result in a corresponding increase in reflector size. 

This would reduce the number of reflectors and hence the total area of their 

tops. As noted in the section on reflectors, larger cell and CPC sizes could 

favor thermoforming in preference to injection-molding. Depending on the 

reflector design, the loss of area due to the tops could be reduced to about 

one to three percent of the total panel area. 
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There is also space between the cells (at the exit aperture) and the 

reflectors to prevent electrical shorting to the aluminized plastic. These 

spaces accounted for a 2.9% area loss, which could be reduced by design 

changes. This loss would become less significant if the cell width were 

increased. 

In a module, there are three types of area losses other than the reflector 

tops. The most obvious are the vacant areas at the north and south ends of 

the modules. If special half-reflector units were molded for the north and 

south ends and if the cells and reflectors were shifted north by one-half row 

width on the heat sinks, these vacant areas would be combined at the south 

end and would nearly accommodate a thirteenth row. Making half-reflector 

units was judged unnecessary for the prototype panel, although it could be 

done to utilize an additional 6.5% of the panel area. 

The second area loss within a module is along the east and west sides, 

where neither the CPC's nor the cells cover the full area out to the cover 

box. This is a consequence of using a single cell design for both the hollow 

CPC and the DCPC panels. By appropriately adjusting the cell and reflector 

dimensions, this loss of 0.5% could be virtually eliminated. 

The third loss within each module was the area of the cover box walls. 

If a modular design is used in which each module is protected separately, 

this area (3.1% of the panel) cannot be saved. However, if the modular 

concept were abandoned or used in a modified version with a single cover box 

over all the modules on a common heat sink, the savings would be approximately 

2.2% of the panel area. 

Optimizing the modular design but still using the same CPC design and 

cells could increase the packing factor of the prototype panel by 15%, from 

0.75 to 0.85. A nonmodular panel using the same cells and reflector design 

could have a packing factor of 0.90, an increase of 21% over the prototype 

panel. In both of these cases, the main loss of panel area would be at the 

tops of the reflectors. If the cell size were increased with a corresponding 

increase in reflector size, the number of reflectors would decrease, along 

with the area loss for their tops. A threefold increase in cell size would 

increase the packing factors of the optimized modular panel and the nonmodular 

panel to 0.91 and 0.96, respectively. These would be increases of 23% and 

30% over the packing factor of the prototype panel. 
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There are two types of area loss between modules. The first is the area 

of the modules' heat sinks out beyond the acrylic cover boxes. This area 

loss is 5.5% of the panel area and could be eliminated in a second-generation 

panel. The second loss is the space between heat sinks and is 2.5% of the 

panel area. This spacing would not be changed if the modular design were 

retained with separately covered, interchangeable, and replaceable modules; 

however, with a one-piece heat sink for the panel, this loss could also be 

eliminated. 

Table III-l summarizes the packing factor losses for the prototype 

panel, estimated losses for an optimized modular panel with separately 

protected modules, and losses for a panel which uses a single heat sink and 

cover box with or without internal modular construction. 

H. Cell-Concentrator Alignment 

The Mylar substrates of the circuit sheets buckled slightly when the 

cells were soldered down. This contributed to a shrinkage of the circuit 

sheets, which consequently required a compromise in positioning the cells 

beneath the concentrators. As a result, rows of cells at the north and south 

ends of the modules have been pulled slightly toward the center of the modules. 

One effect of this misalignment was a decrease in short circuit current with 

an accompanying increase in the fill factor, characteristic of nonuniform 

illumination of the panel. Another result of the misalignment was narrowing 

of the acceptance angle. This problem could be minimized by using double-

sided circuit sheet material to provide greater dimensional stability. 

I. Panel Performance 

Preliminary testing of each reflective CPC module was performed at 

Argonne National Laboratory on January 21, 1977. Prior to shipment of the 

CPC panel to Sandia Laboratories, the complete panel was tested on January 31, 

1977. This test data is summarized in Figs. III-6 and III-7. The peak 

output power was 81 W (3.175 A at 25.6 V). This represents a conversion 
2 

efficiency of 7.1% of the 844 W/m within the acceptance angle of the panel, 

which is a factor of 5.7 times the power output of cells in the absence of 

concentration. This power concentration ratio is approximately what one 

should expect for the performance of this particular CPC design. The array 

efficiency could be increased by design modifications to increase the packing 
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factor. If the insolation within the acceptance angle is scaled to 1 kW/m , 

the peak power scales up to 97 W. The manner in which efficiencies are 
2 

scaled up to 1 kW/m is described in Appendix D. 

Fig. III-6. 

Performance of CPC Panel 

Insolation: 952 W/m2 Total 
829 W/m2 Direct 

Power Output: 81 W 
(97 W When Scaled to 
1 kW/m2 Direct) 

8.0 12.0 
PANEL VOLTAGE, V 

16.0 20.0 24.0 28.0 32 

3.0 H.Q 5.0 6.0 
AVERAGE VOLTAGE/MODULE, V 

Fig . I l l - 7 . CPC Panel Output Power 

8.0 

The geometrical concentration ratio, defined as the entrance area divided 

by the active cell area, for the CPC reflectors is 6.9:1, but there are 

losses to be considered. Transmisslvity of the acrylic cover box was measured, 

using a solar cell, and was 0.918 for normal incidence. The average reflec

tivity in the solar spectrum of the aluminized CPC walls is approximately 

0.85. The average number of reflections is 0.9; therefore, the optical 
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0 9 
transmission is (0.85) ' = 0.86. Another 4% loss due to reflections at the 

RTV-air interface near the surface of the cell also reduces the theoretically 

possible concentration ratio. The result of these losses is to reduce the 

expected concentration ratio from 6.9:1 to approximately 5.25:1. If the 

measured power concentration ratio of 5.7:1 is corrected by the increased 

cell performance under concentration (1.17), the concentration ratio achieved 

is 4.87:1, which is approximately 93% of the theoretical value. The 7% loss 

could be reduced by better alignment of the cells. 

The hollow CPC panel has an efficiency of 7.1% over the panel area, yet 

an efficiency of 9.64% over its active area. As discussed previously, the 

packing factor of the panel could be increased by as much as 30% by design 

changes. Projecting the active area efficiency over a 0.96 packing factor 

would give a 9.25% panel efficiency. Figure III-8 shows the short-circuit 

current, I , measured as a function of north-south tilt away from the normal 
sc •" 

to the sun. Theoretically, this curve should have a flat top out to ±6.25°, 

at which point it should drop abruptly to approximately one-eighth the peak 

value and continue to fall off at still larger tilt angles. The measured 

curve is flat for approximately ±4° from the normal (>95% of peak), and has a 

full width at half maximum of approximately 14°. With better alignment of 

cells beneath the concentrators, both the short circuit current (and peak 

output power) and the acceptance angle would improve. The tilt adjustment 

schedule is given in Appendix C. 

Fig. III-8. 

Angular Acceptance of CPC Panel 

-3.0 -1.0 0 1.0 8,0 
.̂ NGLE OF SUN FROM OPTIC AXIS (DEGREES) 
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IV. COST ANALYSIS 

Introduction 

The cost of electricity created by a photovoltaic panel of CPC's has 

been estimated for four types of CPC's. They are: (1) the dielectric (DCPC) 

trough; (2) the hollow CPC (HCPC) trough; (3) the DCPC cone;* and (4) the 

hollow CPC cone.* The cost estimates are compared with the work of Burgess 

for collectors located at Albuquerque. 

The estimates are based, where possible, on detailed analyses performed 
4 12 

by others such as Mobil-Tyco and Chamberlain Manufacturing Corp. Where 

that is not possible, costs are based on material costs, with allowances for 

fabrication. A range of estimated costs is indicated from this work; more 

precise estimates of the cost would require a much more detailed analysis. 
B. Formulation of the Cost Analysis 

The cost estimates of the photovoltaic CPC array are consistent with the 

analysis performed by Burgess. In particular, the array cost, K, is 

24T 
K = 

cpc cell 

2 
where T = total cost per unit of aperture ($/m ), 

W = average daily solar energy on the collector entrance aperture, 
2 

taken from Table 2 of Ref. 11, kWh/(m )(day), 

n = optical efficiency of the CPC, 

and n 1, = conversion efficiency of the cell. 

The array cost, K, is the cost based on a 24-hr average power produced (avg 

kW), not on peak power produced (peak kW), which is often quoted. Basing the 

cost on average power produced gives a more realistic comparison of different 

collector types and different tracking schemes. Cost based on average power 

gives a realistic estimate of the power that can be produced under field 

conditions, but the cost is sensitive to geographic location. All cost 

estimates in this report are for Albuquerque, New Mexico. 

* 
As a logical extension of the work on trough-type concentrators, cone-type 
concentrators were considered as possibly being more cost-effective. A 
few prototype cones were fabricated and preliminary measurements made on 
their concentration ratios. 
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The cost of a CPC panel per unit area of entrance aperture is the sum of 

the costs of several components, each having a different functional relation

ship to the total cost. The cost of silicon, C„., is divided by the concen

tration ratio, C . In some situations, the cell will be larger than the exit 

aperture of the CPC and the cost of silicon must be multiplied by R, the 

ratio of cell area to exit aperture area. This situation arises when a small 

(2.5-mm-square) chip is to be mated to the round exit aperture (2.3-mm-dia) of 

a conical CPC. 

2 
The cost of reflector material, C„, in $/m for the hollow CPC must be 

K 

multiplied by a shape factor, f, that relates the area of the reflector to 

the exit aperture area as a function of collector geometry, and is then 

divided by the concentration ratio to base the cost on the entrance-aperture 

area. The shape factor for the DCPC's is similar, except that the cost of 
3 

the reflector material, C , is in $/m , and the shape factor, f, relates the 
K 

volume of the dielectric material to the area of the exit aperture. The 

shape factor for the DCPC must then be divided by the concentration ratio to 

base the cost on the entrance-aperture area. 

The shape factor, f, is defined as the amount of material used in the 

reflector divided by the exit aperture area. The shape factor is determined 

by approximating the CPC as either a trapezoidal prism (trough-type CPC) or a 

frustrum of a cone (conical CPC). The amount of material used by a hollow 

CPC is approximately equal to the area of the slanted sides of the trapezoid 

or the frustrum. The amount of material used in a dielectric CPC is approxi

mately equal to the volume of the trapezoidal prism or the frustrum of a 

cone. The shape factors used in this analysis are summarized in Table IV-1. 

The ratio h'/d2, used in calculating the shape factor is derived from 

formulas in Refs. 4 and 13. For a trough-type CPC, the ratio is 
3 I cos 9 

4:os e + "> 
1 - Csin 6̂  

'^"^ ""• ^ 2sin2 e " [ 7 1 ^ ) y 1 ̂  «in C 
m \ m 

The result for a conical CPC is obtained by replacing C with VF. 
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TABLE IV-1. Shape Factors 

Hollow trough f = 2 VN 
Dielectric trough f = d 

C + iWh' 
2 V 2 d , 

Hollow cone f = 2 (Vĉ  + l) € W-iY ./h'V 

Dielectric cone ,,Ml]ic'.^.. 

Lastly, the support and tracking costs, (Cg + C,̂ ,), add directly to the 

cost of the panel. The total cost per unit area of panel is, therefore, 

The optical efficiency of the CPC differs according to the type of 

optics used. For dielectric CPC's, the optical losses are reflection from 

the front surface and attenuation in the dielectric material. Because the 

dielectric CPC uses the principle of total internal reflection, the number of 

reflections does not enter into efficiency. Thus, the optical efficiency of 

the dielectric CPC (DCPC) is 

-ah' 
(dcpc) c 

14 ££. • 15 
Values of cover transmisslvity, x =0.96, and extinction coefficient, 
a = 1.02 m~ , representing acrylic plastic have been used in this analysis. 
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For the hollow CPC's, the optical losses are reflections from the front 

cover (two surfaces) and absorption and scattering at the mirror surfaces. 

The optical efficiency for a hollow CPC is 

<n> 
n = T p cpc c 

Values of cover transmisslvity, T^ = 0.92, and reflectivity, p = 0.88, have 

been used in this analysis. Rabl^^ has calculated the average number of 

reflections, <n>, for hollow troughs at various values of 9^ and C . The 

average number of reflections for a hollow cone can be conservatively estimated 

from Fig. 6 of Ref. 13 by using Vc^instead of C as the abscissa and adding 

one to the number of reflections thereby obtained. 

Mobil-Tyco^ has determined empirically that the conversion efficiency of 

a silicon cell is a function of its temperature and the intensity of light 

falling on it. The empirical relationship, slightly modified for the applica

tion to this analysis, is 

,0.1 

\ell 
= 0.14 (—̂ ^̂ j (l - 0.005TJ 

where T = cell temperature (°C). The cell temperature used in this analysis 

is 60°C. 

A prototype DCPC trough panel has been built with a packing factor of 

0.96 and a measured efficiency of 10.3% (10.7%, based on active aperture). 

This compares reasonably well with the efficiency of 10.9% with a packing 

factor of 1.00 used for the comparable collector in the cost analysis. In 

volume production, automated assembly methods will improve the panel efficiency 

by improving cell alignment with the exit aperture, the clarity of the 

dielectric material, the packing factor, and the bonding between the cells 

and the dielectric material. The cell temperature was not measured, but the 

temperature is believed to be well under the 60°C used in the cost analysis. 

The 60°C temperature is considered a worst-case condition. 

Similarly, a prototype hollow CPC trough panel with a packing factor of 0.74 

and a measured efficiency of 7.1% has been built (9.6% efficiency based on active 

aperture). This compares reasonably well with the efficiency of 9.6% with a 

packing factor of 1.00 used for the comparable collector in the cost analysis. 

Automated assembly methods will improve the panel efficiency by improving the 
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cell alignment, the mirror alignment, and the packing factor. As for the 

DCPC panel, the cell temperature is believed to be well under the 60°C assumed 

in the cost analysis. Thus, the prototype panels confirm the efficiency 

model used in the cost analysis. 

C. Cost of Silicon 

11 2 2 
Burgess has assumed alternative silicon costs of $2,000/m , $200/m 

2 2 
and $50/m for his cost estimates. The $2,000/m figure agrees reasonably 
well with current silicon costs. Spectrolab has published an estimate for 

2 2 
1977 of $256/m , but with current prices around $2,000/m , their figure 
should be considered to be further in the future. Moore indicates that 

2 
$250/m is close to the ultimate limit for Czochralski crystals. Technological 

advances such as ribbon film growth, polycrystalline materials, thin-film 

semiconductors, and new materials may bring the cost of silicon below the 

Czochralski limit. 

2 2 
In this work, costs of C . = $2,000/m and $200/m are assumed to represent 

11 
present and future costs in a manner consistent with Burgess. 
D. Cost of Dielectric Reflector Material 

Acrylic is the material currently being used for dielectric CPC's. Its 
3 18 

present cost in 40,000-lb lots is $0.57/lb ($l,492/m ). The cost of 

injection-molding and assembly labor would approximately double the cost of 
3 

the acrylic to $2,984/m . 

Lower cost materials such as polystyrene (PS) could be used. The present 
3 19 

cost of PS in 40,000-lb lots is $0.28/lb ($660/m ). Since PS has a higher 

index of refraction than does acrylic (1.6 vs 1.5), less PS is required to 

achieve a given concentration. PS is also easier to injection-mold than is 

acrylic. However, PS is slightly less transparent than acrylic, and it must 

be stabilized against exposure to ultraviolet light. 

A transparent shell filled with a transparent liquid is another potential 

means of reducing cost. The liquid must not have severe freezing problems or 

large changes of volume with changing temperature; alternatively, the design 

must compensate for the expansion. 

Alternative dielectric material costs used in this analysis are C„ = 
3 3 3 

$l,492/m , $2,984/m , and $298/m . The last number might be achievable using 
a liquid-filled shell. 
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E. Cost of CPC Reflector Material 

Chamberlain Manufacturing Corp., after building prototype 3x CPC reflec-
12 

tors, did a detailed cost analysis of a 3x CPC panel using Kinglux reflectors. 
J 2 

In lots of 10,000 m , the cost of the reflector is $12.18/m of reflector, 

including assembly labor. Mobil-Tyco did a similar analysis for a 5x CPC 

using 0.06-cm-thick polished aluminum reflectors. The cost of Mobil-Tyco's 
2 2 

reflector was $3.55/m of reflector ($11.98/m of aperture). The Mobil-Tyco 
reflector cost appears to be optimistic since the current price of similar 

2 20 
reflective material (Coilzak) is at least $5/m in large quantity. 

Another approach is to use vacuum-formed reflectorlzed plastic. A price 
21 

of $1.16 each in lots of 10,000 has been quoted to ANL for 45.72 cm x 60.96 cm 
2 

aperture CPC's formed of 0.08 cm clear PVC ($4.173/m of aperture). 
2 2 

Metallization adds $1.076/m , for a total of $5.25/m of aperture. Since the 

units are molded in one piece, little labor is required to assemble them. 

Larger sizes can be molded for greater savings in large quantities. 
2 2 2 

Costs of C„ of $12.18/m of reflector, $5/m of reflector, and $5/m of 
R 

aperture are used for the hollow CPC calculations. 

F. Cost of Support and Tracking 

Costs of support and tracking are more difficult to determine because 
published data on the subject are vague or incomplete and subject to large 

11 2 
variations. Burgess indicates a cost of $15/m for a fixed flat-plate 
array. ANL has designed a solar collector support of 0.030-in.-thick 

2 
aluminum capable of holding 4.2 m of photovoltaic panel and weighing 30 kg. 

2 
At a price of $0.28/kg, the material cost is $2.00/m . Allowing for labor 

2 2 
(1 hr/m at $4/hr) and a 1/8-in. glass cover ($5/m ), the total cost of the 

2 
support would be $ll/m . 

12 2 
Chamberlain Mfg. Corp. indicates a cost of $2.06/m for their substrate 

2 2 

plus tooling costs of $0.22/m for a total of $2.28/m to cover the cost of 

supports. Made of rolled sheet aluminum, the Chamberlain collector is nearly 

self-supporting and thus requires little additional support. Chamberlain 

lumped labor costs together with reflector cost, and the cost of a transparent 

cover is not included in the Chamberlain estimate. 

4 2 
Mobil-Tyco estimates a cost of $50.88/m for supports for an unoptimized 

collector that is similar to Chamberlain's collector. Included in the 
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estimate for supports are aluminum ribs (two types), 0.32 cm glass cover, 

1.59 cm plywood, adhesives, coatings, and screws. Labor is estimated at 

$16.39/m^ additional. 

The trough-type CPC with an east-west orientation requires only seasonal 

adjustments. Support and tracking costs of a trough-type CPC would be only 

slightly more than support and tracking costs for a flat-plate collector. 

Because of its total acceptance angle of 9°, a conical CPC can use a 

relatively crude 2-axis tracking system having the same geometry as the 

equatorial mount for astronomical telescopes. Astronomical telescopes use a 

simple clock drive for tracking, but a conical CPC does not require such 

continuous tracking. The conical CPC requires adjustment in the equatorial 

plane at 20 to 30-min intervals. The second axis adjustment (in the plane of 

the zenith) requires only 8 to 12 manual adjustments per year to account for 

the declination of the sun, A focusing system with an acceptance angle of 

about 1/2° requires more accurate tracking. 

American Science Center, Inc. sells telescope clock drives for $69.50 
22 and $89.50, retail. If protection from wind is provided and if the collector 

2 
is well balanced, such a clock drive could power 2-4 m of solar panel. 

2 
Allowing for retail markup, the cost would be $5-15/m plus the cost of 

bearings and the cost of enclosing the collector. Enclosing the collector in 

a transparent hemisphere eliminates the need for a cover attached to the 

collector, but requires about twice as much transparent material. 

With the costs indicated above, the lower limit for support and tracking 
2 

cost, C + C , appears to be about $15/m . Support and tracking costs 
2 (C + C ) as large as $50/m have also been calculated to Indicate a range of 

costs. 

G. Discussion of Numerical Calculations 

1. DCPC Trough 

Calculated electricity costs per average kW vs concentration ratio 
2 

are plotted in Figs. IV-1 and IV-2 for silicon costs of $2,000/m and 
2 

$200/m , respectively. A total acceptance angle of 19° with east-west trough 
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alignment and seasonal adjustment of tilt are assumed. No attempt was made 

to determine the optimum combination of acceptance angle and truncation. 

100,000 

50,000 

10,000 

( 1 ) REFLECTOR COST - J 2 , 9 8 1 / H 

SUPPORT AND TRACKING " $ 5 0 / M ' 

( 2 ) REFLECTOR COST = » 2 , 9 8 ' ) / w ' ^ 

SUPPORT AND TRACKING - $ 1 5 / M 

(3 ) REFLECTOR COST = $ 1 , 1 9 2 / M ' 

SUPPORT AND TRACKING = J15/M 

W ) REFLECTOR COST = J 2 9 8 / M ' 

SUPPORT AND TRACKING = t l 5 / H 

CA) BURGESS' CO = $60/M^ 

(B) BURGESS' CO = $30/M' 

CONCENTRATION RATIO 

Fig. IV-1. Estimated Cost of Electricity for a 
DCPC Trough at Albuquerque, NM, with 
a Silicon Cost of $2,000/m2. 
CO = Cost of Optics. 

A prototype panel of DCPC troughs having a small concentration 

ratio at right angles to the main concentration has been built, but the small 

concentration ratio was not included in this calculation. 

2 
Assuming a silicon cost of $2,000/m , the electricity cost estimates 

11 3 
are comparable to Burgess' lower estimate. Even the worst case (C = $2,984/m 

2 
and C + C„ = $50/m ) is comparable to Burgess' estimate for combined cost of 

2 
optics, support, and tracking of $30/m . The reason for the improved performance 

estimate is that the DCPC trough has a higher optical efficiency than the 75% 

assumed by Burgess. At present silicon prices, the cost of electricity using 

a DCPC trough is estimated to be $13,000-20,000/avg kW, compared with about 

$65,000/avg kW for a flat-plate collector. 
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Fig. IV-2. Estimated Cost of Electricity for a 
DCPC Trough at Albuquerque, NM, with 
a Silicon Cost of $200/m2. 
CO = Cost of Optics. 

2. Hollow CPC Trough 

Calculated electricity costs per kW vs concentration ratio are 
2 2 

plotted in Figs. IV-3 and IV-4 for silicon costs of $2,000/m and $200/m , 

respectively. A total acceptance angle of 12° was assumed, but other assump

tions are similar to those for the DCPC trough. 

As shown in Figs. IV-3 and IV-4, the electricity cost estimates for 

the hollow CPC trough are comparable to Burgess' estimates, but they are 

slightly higher than the estimated cost for the DCPC trough. This is because 

the optical efficiency of the hollow CPC trough is less than the optical 

efficiency of the DCPC trough. With present silicon prices, the cost of 

electricity produced by the hollow CPC trough is estimated to be in the 

$14,000-20,000/avg kW range compared with about $65,000/avg kW for a flat-

plate collector. 
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Fig. IV-3. Estimated Cost of Electricity for a 
HCPC Trough at Albuquerque, NM, with 
a Silicon Cost of $2,000/m2. 
CO = Cost of Optics. 

3. DCPC Cone 

Calculated electricity costs per average kW vs concentration ratio 

for the DCPC cone are plotted in Figs. IV-5 and IV-6 for silicon costs of 
2 2 

$2,000/m and $200/m , respectively. As shown, the cost estimates for the 

DCPC cone are comparable to Burgess' lower estimates, although no attempt 

to optimize the combination of acceptance angle and truncation of the DCPC 

has been made. The cost advantage of the DCPC cone improves with declining 

silicon cost. 

There are several reasons for the excellent cost performance of the 

DCPC cone. (1) The wide acceptance angle of the DCPC, in comparison to that 

of a parabolic dish, gives the performance of 2-axis tracking at the cost of 

1-axis tracking. A tracking accuracy of +4.5° is required for the conical 

CPC, compared with a tracking accuracy of ±0.25° for the parabolic dishes and 

troughs. (2) The dielectric CPC has a high optical efficiency in comparison 

with other collectors. Typical optical efficiencies are above 90%. Only one 
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Fig. IV-4. Estimated Cost of Electricity for a 
HCPC Trough at Albuquerque, NM, with 
a Silicon Cost of $200/m2. 
CO = Cost of Optics. 

air-dielectric interface is encountered by the light beam, the reflectivity 

of the walls is effectively 1.00 due to total internal reflection, and acrylic 
4 

IS an extremely transparent material. (3) As indicated by Mobil-Tyco, the 

power output of the cell increases to the 1.1 power of light intensity. With 

a high concentration ratio, cell efficiency can be more than 12%, even at 

60°C. At present silicon prices, the cost of electricity using a DCPC cone 

is estimated to be in the $1,000-3,000/avg kW range. 

4. Hollow CPC Cone 

Calculated electricity costs per average kW vs concentration ratio 

2 2 

are plotted in Figs. IV-7 and IV-8 for silicon costs of $2,000/m and $200/m , 

respectively. Most of the comments regarding the DCPC cone are applicable to 

the hollow CPC cone. 

The hollow CPC cone has slightly higher estimated electricity costs 

than does the DCPC cone. The material costs of the hollow CPC cone are 

slightly higher and the optical efficiency is lower than are corresponding 

parameters for the DCPC cone. 
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Fig. IV-5. Estimated Cost of Electricity for a DCPC Cone at Albuquerque, 
NM, with a Silicon Cost of $2,000/m2. CO = Cost of Optics. 
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Fig. IV-6. Estimated Cost of Electricity for a DCPC Cone at Albuquerque, 
NM, with a Silicon Cost of $200/m2. CO = Cost of Optics. 
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Fig. IV-7. Estimated Cost of Electricity for a Hollow CPC Cone 
at Albuquerque, NM, with a Silicon Cost of $2,000/m2. 
CO = Cost of Optics. 

The cost curve of the hollow CPC cone, based on vacuum-formed sheet 
2 

plastic (C = $5/m of aperture), does not show the minimum in the cost curve 
R 

characteristic of other methods of manufacture. That is because the cost of 

the vacuum-formed reflector is based on aperture area rather than reflector 

area or volume. In practice, the maximum concentration ratio that can be 

vacuum-formed is limited by tearing of the plastic as it is stretched in the 

mold. Lower concentration ratios require less stretching. 

At present silicon prices, the cost of electricity using a hollow 

CPC cone is estimated to be in the $1,500-4,000/avg kW range. 

5. Cost of Electricity per Peak Watt 

The cost of electricity per peak watt has been estimated, and the 

results are shown in Figs. IV-9 and IV-10. The curves in Figs. IV-9 and IV-

10 correspond to corresponding curves labeled " ( 1 ) " in Figs. IV-1 through IV-

8. The cost of energy per peak watt, K , is 

K = -=— 
P In cpc cell 
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Fig. IV-8. Estimated Cost of Electricity for a Hollow CPC Cone at 
Albuquerque, NM, with a Silicon Cost of $200/m2. 
CO = Cost of Optics. 

where T, n , and n ,, have been previously defined and I = 1000 W/m is 
cpc cell 

the peak intensity of sunlight. The reader is cautioned that comparing the 

cost of electricity produced by different collectors can be misleading if the 

cost is based on peak wattage. 

H. Summary 

Based on the efficiency model that has been confirmed by the two prototype 

panels and on material and component cost data, photovoltaic Compound Para

bolic Concentrators (CPC's) can produce electricity at lower cost than flat-

plate photovoltaic arrays. The cost reductions are significant in comparison 

to a flat-plate array, even if the cost of silicon should be decreased by one 

order of magnitude. The value of the DCPC concept was recognized by the 

Industrial Research magazine review committee (Appendix E ) . 

If electricity cost figures are to be used for comparing different 

collectors, the cost figures should be based on 24-hr average power produced 

(avg k W ) , not peak power produced (peak kW). The cost per average power 



55 

30 

I I I 

^ 10 

o 
cm 
I -o 

O 

Q. 

< 

"1 1 — I — I I I ! 1 — I I II 1 I I M '_ 

-DCPC, Cp = $2,984/M' 

CPC, CR = $12.18/M^ 

Cgj = $2,000/M' 

Cg + C^ = $50/M' 

1-

DCPC, CR = $2,984/M' 

CPC, CR = $12.18/M^ 

Cgi = $200/M^ -

Cg + C^ = $50/M^ 

J I I I I I I X J I I I M I J I I I I 
10 100 

CONCENTRA!10 RATIO 

300 

Fig. IV-9. Cost (Per Peak Watt) of Electricity for DCPC and HCPC Cones. 
I = 1000 W/m2. 

produced gives a more realistic comparison of different collector types than 

does cost per peak power. It is, however, dependent on geographic location. 

All cost figures in this work are for Albuquerque, New Mexico. 

At current silicon prices, the estimated cost of electricity produced 

with a DCPC trough is in the $13,000-20,000/avg kW range at Albuquerque, New 

Mexico, and the estimated cost of electricity produced by the hollow CPC 

trough is in the $14,000-20,000 avg kW range. A flat-plate photovoltaic array 

would cost about $65,000/avg kW at Albuquerque. If silicon cost is decreased 



56 

< 
Q. 

20 

o 
a: 
I -o 

10 

vy 
O 

t_) 

< 

-DCPC, CR = $2,98i|/M' 

.CPC, CR = $12.18/M^ 

DCPC, CR = $2,984/M-

= $12.18/M^ 

Cgj = $ 2 , 0 0 0 / M ' 
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Fig. IV-10. Cost (Per Peak Watt) of Electricity for DCPC and HCPC 
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by one order of magnitude, the estimated costs of electricity will be $2,400-

4,000/avg kW, $2,400-4,700/avg kW, and about $6,500/avg kW for the DCPC trough, 

the hollow CPC trough, and the flat-plate photovoltaic array, respectively. 

Although the trough-type CPC's offer significant cost savings compared 

to a flat-plate photovoltaic array, the conical CPC's offer an even greater 

cost saving. At current silicon prices, the estimated cost of electricity 

produced by the DCPC cone is in the $1,000-3,000/avg kW range, and the estimated 

cost of electricity produced by the hollow CPC cone is in the $1,500-4,000/avg 
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kW range. The cost for a flat photovoltaic array is about $65,000/avg kW. 

If silicon cost is decreased by one order of magnitude, the estimated costs 

of electricity are $600-2,000/avg kW, $700-3,000/avg kW, and about $6,500/avg 

kW for the DCPC cone, the hollow CPC cone, and the flat photovoltaic array, 

respectively. 
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APPENDIX A 

DCPC Panel Assembly Drawings 
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APPENDIX B 

CPC Panel Assembly Drawings 
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APPENDIX C 

Tilt Adjustment Schedules 

Tilt schedules for the prototype DCPC and hollow CPC panels are presented 

in this appendix. The DCPC panel, which has a theoretical half-angle of 

acceptance, 6 =9°, requires ten adjustments per year for the six tilt 

positions shown in Table C-1. The minimum collection time is 7.14 hr/day, 

and the minimum time between tilt adjustments is 22 days. The maximum time 

between tilt adjustments is 77 days. 

The hollow CPC panel, which has a theoretical half-angle of acceptance, 

6 = 6.25°, requires 36 adjustments per year for the nineteen tilt positions 

shown in Table C-2. The minimum collection time is 7.0 hr/day, and the 

minimum time between tilt adjustments is four days. The maximum time between 

tilt adjustments is 22 days. 

If different minimum collection times per day or different half-angles 

of acceptance should be specified, the tables would have to be recomputed. 
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Table C-1. Theoretical Tilt Schedule 
for DCPC Panel, 9 = 9 ° 

m 

Minimum Collection Time of 7.14 hr/day 

Latitude - Tilt 
(Degrees) 

-27.2 

-19.9 

-9.0 

+9.0 

+19.9 

+27.2 

Days After 
Winter Solstice 

326-38 

39-61, 303-325 

62-90, 274-302 

91-119, 245-273 

120-143, 222-244 

144-221 

Table C-2. Theoretical Tilt Schedule 
for Hollow CPC Panel, 9 =6.25° 

m 
Minimum Collection Time of 7 hr/day 

Days After Latitude - Tilt 
Winter Solstice (Degrees) 

354-10 -29.2 

11-16, 348-353 -28.6 

17-22, 342-347 -27.8 

23-28, 336-341 -26.7 

29-34, 330-335 -25.3 

35-42, 322-329 -23.3 

43-52, 313-321 -20.5 

53-64, 300-312 -16.3 

65-81, 284-299 -10.0 

82-100, 264-283 Q.O 

101-117, 247-263 +10.0 

118-129, 235-246 +16.3 

130-138, 226-234 +20.5 

139-146, 218-225 +23.3 

147-153, 211-217 +25.3 

154-159, 206-210 +26.7 

160-164, 200-205 +27.8 

165-17U, 194-199 +28.6 

171-193 +29.2 
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APPENDIX D 
2 

Calculating Efficiencies and Scaling up of CPC Data to 1 kW/m 
Direct Insolation 

The performance of most photovoltaic panels can be measured at or scaled 
2 

up to the equivalent of 1 kW/m direct insolation. Flat panels can be 

2 

illuminated evenly at 1 kW/m with multiple light sources as at the NASA-

Lewis Research Center, or can be tested outdoors with total insolation measured 

with a pyranometer. This is possible because flat panels accept all direct 

and diffuse radiation. To calculate efficiencies and to scale up outputs of 

focusing concentrators requires only a pyrheliometer to measure the direct 

insolation. Even for a focusing parabolic trough concentrator, which accepts 

light from a narrow north-south band, pyrheliometer data is a sufficient 

measure of insolation. The amount of diffuse radiation in that 1° or 2° wide 

band is usually insigifleant. With any focusing concentrator, there is a 

question regarding how much circumsolar radiation is included in the pyrhelio-
23 

meter data. 

For nonimaging CPC's with moderate concentration ratios, a significant 

amount of diffuse radiation is collected, as well as all of the circumsolar 

and direct radiation. In order to compare data on modules in the two CPC 

panels and to calculate their efficiencies for light collection within their 

acceptance angles, one must calculate, from pyranometer and pyrheliometer 

insolation data, the total amount of sunlight (both direct and diffuse) 

within the acceptance angle of a collector. 

o / 

Rabl has shown that the total amount of sunlight within the acceptance 

angle of a CPC trough is given for CPC troughs. 

Accepted Insolation = "direct" + — diffuse, 

where the term "direct" includes circumsolar as well as the direct beam, and C 

is the actual CPC geometric concentration ratio. This ratio is a characteristic 

of the concentrator. Unlike the geometric concentration ratios used in the text 

above, it does not involve the active areas of the photovoltaic cells. The diffuse 

light is not concentrated but merely collected; this collection efficiency depends 

only on the ratio of entrance aperture area to exit aperture area. For a DCPC 

trough, the index of refraction, n, of the concentrator must be considered 

and the accepted insolation is given approximately by (DCPC) 
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Accepted Insolation = "direct" + — diffuse. 

The difference between total insolation as measured by a pyranometer and the 

"direct" Insolation as measured by a pyrheliometer is the diffuse light, 

which is assumed to have a uniform distribution over the sky. Thus, the 

insolation within the acceptance angle of the reflective CPC units (C = 8.0) 

is given by 

I^p^ = "direct" + g^Q (total - "direct"). 

The insolation accepted by the DCPC units (C = 9.2) is given by 

Ijĵ p̂  = "direct" + | 4 ^ (total - "direct"). 

For example, at a time when pyrheliometer and pyranometer readings are 

2 2 

865 W/m and 985 W/m , respectively: 

^CPC = «65 -̂  8 ^ (̂ «5 - 865) 

= 880 W/m^ 

W c = «̂ 5 + 1 ^ (985 - 865) 

= 884 W/m^ 

2 
These panel outputs could be scaled to 1 kW/m direct insolation by the 

factors, 1.136 and 1.131, respectively. 

2 
In scaling up the output of the two panels to 1 kW/m direct insolation, 

we have been quite conservative, scaling up only the current characteristics 

of the I-V plots. That is, we have used a linear scaling of power with 

insolation. If an assumption were made regarding the effect of increased 

insolation upon the voltage characteristics, the scaled panel output powers 

might be greater than the values given in the text. 
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APPENDIX E 

I-R 100 Award 

On September 23, 1976, one of three Industrial Research-100 (IR-100) 

awards awarded to Argonne National Laboratory by Industrial Research magazine 

was for the Dielectric Compound Parabolic Concentrator (DCPC). This award 

was shared with the University of Chicago. Industrial Research magazine 

works with a review committee to select the 100 most significant, new technical 

products each year and presents awards to the organizations that developed 

them. The award was presented at a banquet held in the main hall of the 

Museum of Science and Industry in Chicago. Dr. R. G. Sachs, Director of 

Argonne National Laboratory, received the award on behalf of ANL and the 

University of Chicago. An IR-100 display showing the main features of the 

DCPC module was on display at the museum during October 1976 for public 

viewing. 
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